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Abstract 
Statement of problem: Zirconium oxide (zirconia) ceramics have low surface energy and 
smooth intaglios, which can create insufficient retention and prosthetic restoration loss. 
Newly introduced primers may enhance the adhesive property of resin cements to zirconia. 
Independent evaluation of these products is necessary to confirm effectiveness. 
Objectives: To compare the effect of primers on the bond strength of resin cements to 
zirconia, in vitro at 24 hours and after 5.5 days under artificial aging conditions. 
Materials and Methods: For the 24 hours test, 130 specimens measuring 12x12x2mm were 
sectioned from In-Ceram YZ (Vita) zirconia blocks. All sectioned specimens were fully 
sintered at 1530°C per instructions. One newly developed primer. Z-Prime (ZP) (Bisco ), and 
another commercially available primer Clearfil Ceramic Primer (CCP) (Kuraray), were 
applied prior to cementation to 90 specimens, and 40 specimens were left unprimed 
(controls). Three resin cements were evaluated: Duo-Link (DL) (Bisco), RelyX Unicem 
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(RXU) (3M-ESPE), and SmartCem2 (SC2) (Dentsply). Cements were mixed per 
manufacturers' recommendations and applied to the specimens using an Ultradent jig with a 
2.38 mm aperture. All bonded specimens set for 20 min under a load of 90g, and were stored 
in water at room temperature (22°C) for 24h. Bond strengths of resin cements to zirconia 
were tested in shear mode in an Instron testing machine usi\g a "flat" blade at 0.5mm/min. 
Data was analyzed with one-way ANOV A to ascertain effects of primers. 
For the long-term test, In-Ceram YZ (IC) and Cercon (CE) (Dentsply) zirconia blocks were 
sectioned into 144 specimens each and sintered. IC and CE specimens were randomly 
divided into 36 groups of n=8. Half of the groups were bonded with the resin cements and 
primers, and thermocycled (TC) 5,000 times between 5°C and 50°C with dwell times of 30 
seconds. The other 18 groups were bonded and stored in 22°C water (WS) for the equivalent 
time (5.5 days). All groups were subject to shear bond strength testing. Statistical analysis 
was performed and random specimens were subject to scanning electron micrography. 
Results: At 24 hours, DL had significantly higher mean shear bond strengths (MSBS) than 
did RXU and SC2; RXU and SC2 were not significantly different. There were significant 
increases in MSBS of between 23% and 257% with ZP specimens, and between 29% and 
206% with CCP. 
In the long term tests, four of the unprimed TC groups (DL/IC, DUCE, SC2/IC, and 
SC2/CE) spontaneously debonded. Significant (p<0.05) loss of mean SBS was observed with 
TC, compared to WS. Three-way ANOVA showed both primers having significant increases 
in MSBS in WS and TC. RXU and DL gave significantly higher MSBS than did SC2; RXU 
and DL were not significantly different. 
V 
Conclusion: The use of the primers caused a significant increase in MSBS. There was no 
significant difference in MSBS associated with CE versus IC. The use of DL was associated 
with significantly higher MSBS than RXU and SC2, and RXU was higher than SC2. Overall, 
ZP was associated with significantly higher MSBS than CCP. TC caused significant 
decreases in MSBS versus WS. 
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Introduction 
Ceramics 
The development of zircoruum dioxide ceramic (zirconia) as a material for dental 
prostheses is relatively recent compared to the lineage of ceramics in dentistry. Ceramics 
have been used in restorative dentistry for several centuries; zirconia has been introduced 
only in the last fifteen years. But zirconia continues the trend of ceramic use. The 
development of porcelain ceramic as a restorative biomaterial in the mouth has been an 
important part of the progress of dentistry itself. Restorative dentistry concerns itself with the 
recovery of esthetics and function of the natural dentition, 1 and it makes use of available 
materials and techniques as they emerge. Thus, as their attractive esthetic and functional 
properties became understood, ceramics were widely adapted by practitioners in the field. 
In the past 200 years, ceramic has emerged as one of the principle materials for 
restorations, along with gold, silver amalgam, and platinum.2 The appeal of ceramic as a 
dental material when compared to other restorative materials is mainly in its optical 
properties, as it can more closely match the appearance of natural dentition; this gives it an 
esthetic advantage. The Europeans copied techniques in fabricating translucent porcelains 
from the Chinese by the early 18th century, and by 1774 Duchateau and de Chemant were 
creating porcelain dentures at the Guerhard porcelain factory. 3 Another important date in the 
development of dentistry was in 1903, when Dr. Charles Land fabricated a porcelain jacket 
_ of feldspathic porcelain clay, and luted it to the stump of a tooth using zinc phosphate 
cement. 
The translucent nature of porcelain enamel reflects both its composition, and fabrication. It 
is largely composed of feldspar, silica, Kaolin, and fluxes such as lithium oxides. When this 
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mixture is heated, it causes the blending of the materials in two phases: the vitreous 
(feldspar) phase and the crystalline (silica plus metallic oxides) phase.4 The vitreous phase is 
predominant and tends to bind the crystalline phase together and gives the porcelain its 
mechanical and optical properties. 
One of these properties is its opacity, which was considered to be a drawback, as porcelain 
jacket crowns did not match the translucency of surrounding dentition. So the refractory 
kaolin was slowly phased out, by the late 1930s, in an attempt to address this issue. But this 
amplified another issue with the porcelain as a restorative dental material: its brittleness. 
Therefore, in the 1960s, dental ceramists began adding aluminous oxide to the composition; 
the resulting aluminous porcelain had a great increase in strength over the feldspathic 
porcelain. 5 But aluminous porcelain was in tum less opaque, which led to the idea of an 
aluminous oxide core with a feldspathic porcelain veneer. This seemed to yield both the 
desired qualities of strength and translucency , and was a more esthetic option than was the 
porcelain fused to metal crown. 
But such restorations were still primarily used for anterior replacement; the forces of 
compression and tension in mastication were still too strong for the use of ceramic in 
posterior restorations , where catastrophic failure (fracture) was still likely to occur. With 
porcelain, small microcracks due to tension-producing irregularities in the surface can easily 
propagate through the body of the material. Aluminous oxide somewhat relieved this 
tendency, but it was still not strong enough for large, multi-unit restorations in the posterior 
mouth, where occlusal forces exceeding 490 N to 655 N are possible.6'7 
And in the 1990s, a fundamental change, comprising several aspects, took place which 
had a further impact in restorative dentistry . One event which occurred was the development 
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of zirconium oxide ceramics (zirconia) as a dental biomaterial. Another trend was the 
increasing sophistication of CAD/CAM technology, which allowed practitioners the capacity 
of in-house fabrication of machined zirconia restorations. 8 These factors combined to cause 
an increase in the usage of zirconia as a restorative material. 
Zirconia 
Zirconia has been recognized smce the German chemist Martin Heinrich Klaproth 
identified its oxide from zircon in 1789, and it was isolated as a metal by the Swedish 
chemist Jons Jakob Berzelius in 1824. Its use as a biomaterial dates from 1969 when 
zirconium oxide was proposed as a hip replacement material in orthopedic surgery.9 In 1975 
the British physicist Ron Garvie proposed that the possibility of stabilizing zirconium dioxide 
by adding about 5.5% of yttrium oxide (Y2O3) material would greatly increase the strength of 
this ceramic. 10 It was realized that the fracture resistance of high flexural strength zirconias 
makes possible posterior multi-unit ceramic prostheses. Compared to feldspathic porcelains, 
which have a flexural strength of 150 to 300 MPa, and the glass-infused In-Ceram Alumina 
( 450 MPa) and Zirconia (650 MPa), 11' 12 yttria-stabilized zirconias achieve flexural strengths 
ranging from 850 MPa (In-Ceram YZ, manufacturer's data) to 1100 - 1300 MPa (Cercon, 
manufacturer's data; see also 13) to 1200 MPa (Procera). 14 Other studies have claimed flexural 
strengths of up to 1500 MPa for Y-TZP zirconias. 15 
Yttria-stabilized zuconmm oxide polycrystalline (Y-TZP) ceramics have achieved 
widespread success in recent years in the application of esthetic dentistry. 16,17 Transformation 
toughening has enabled this material to withstand the stresses of intraoral masticatory forces; 
the acute stress of a crack initiation changes zirconia crystals surrounding the crack tip from 
a tetragonal to a monoclinic phase. The Y-TZP crystals gain approximately 4% volume by 
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transitioning to the monoclinic phase from the tetragonal phase, and this volumetric increase 
creates a counterforce which retards crack propagation. Zirconia's strength, combined with 
the esthetic features, stain resistance, and biocompatibility, has made it a good material for 
clinical restorations. 18•19•20 However; it is not clear what works most effectively to bond 
zirconia. A predictable resin bond to this material is needed. 21 
Adhesion 
Concurrent to developments in ceramics was that of bonding as a form of attachment. The 
zinc phosphate cement which luted Dr Land's 1903 porcelain jacket is a good example of 
this. The need to attach the restoration to its underlying substrate created an ongoing interest 
in bonding technology. Initially, zinc phosphate was the luting agent of choice, and it 
provided an excellent clinical survival rate in conventional dental restorations. 22 Until 1955, 
resins were not widely _ used in restorations because of the shrinkage and subsequent 
microleakage associated with the polymerization of this material. Then in 1955, Dr. Michael 
Buonocore opened the way for organic resin adhesion-based restorations when he applied 
surface preparation techniques already used in other industries to acid-etch the enamel 
surface before bonding. This created irregularities and increased surface energy, which 
resulted in a more stable bond over time.23 This stimulated additional research in resin 
adhesion, for example the German company ESPE patented a resin composite (Epimine) in 
1958, and Bowen patented BIS-GMA resin in 1962.24 Additionally, the acid-etch surface 
preparation technique was successfully applied for bonding to dentin, resin composites, and 
feldspathic veneers. In the 1980s, dentists began to bond aluminum oxide crowns with 
feldspathic veneers directly onto the prepared dentin substrate, taking advantage of the 
inherent stability provided by the tooth itself. 
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There are different types of luting cements that are available to clinicians. Resin cements, 
when used ·in conjunction with adequate preparation techniques, have been shown to provide 
a bond to all-ceramic restorations. 25' 26 More recently, self-adhesive resin cements, which are 
supposed to create micromechanical retention based on phosphoric-acid methacrylates, have 
been introduced and have achieved widespread use.27 Self-adhesive resin cements can be 
applied in one step, eliminating the preparatory "etch and rinse" steps, and simplifying the 
bonding process for clinicians and patients. 
Zirconia provides such a non-reactive surface for luting agents that some form of 
modification becomes desirable. The challenge Buonocore faced in 1955 remains: how to 
modify the surface structure of the substrate in order to facilitate retention? Hydrofluoric acid 
etching does not work as with the silica-based ceramics, therefore some other approach is 
needed. Preparation of the tooth abutment, luting agents, type of ceramic restoration and the 
right choice on the application of these materials will issue in a successful -restoration that not 
only will fulfill function and esthetics but also patient satisfaction. Knowledge about 
applicability of these materials in every case will bring less failure of the prosthetics 
restorations. 
5 
Literature Review 
Factors affecting the bond strength of cements to zirconia ceramics 
There are several factors which may affect the bond strength of resin cements to Y-TZP 
ceramics, and many of these have been addressed in ongoing materials research and the 
accompanying literature. 
1. Humidity in the surrounding air in the operatory and the oral cavity.28 
2. Temperature; both ambient temperature and subsequent intraoral exposures.29-31 In 
addition to environmental temperature, it has been found that increasing the 
temperature of the refrigerated cements Panavia F 2.0 and RelyX Unicem to room 
temperature before mixing and application significantly increased the bond strength.32 
Higher temperature was found to increase monomer mobility, resulting in accelerated 
polymerization before vitrification. 33 
3. Light curing and the accompanying degree of conversion. 34-36 Incomplete 
polymerization can result in microleakage and loss of retention.37 
4. Contamination and cleaning of the zirconia surface. One study38 showed mean shear 
bond strengths to zirconia ceramics unaffected by various contaminants and cleaning 
protocols; however other studies39•40 showed that cleaning contaminated surfaces with 
airborne particle abrasion yielded highest long-term bond strengths. 
5. Pressure on the resin cement during curing. 41 • 42 Manufac~urers usually recommend 
light finger pressure while the prosthesis is setting. Researchers have found that 
increased pressure during seating is associated with higher bond strengths, perhaps 
due to less extensive porosities and optimized physical interactions. 43 
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6. Use of a coupling agent such as a zirconia primer.44 It is reported that a combination 
of 2.0% by weight primer containing MDP (10 methacryloyloxydecyl dihydrogen 
phosphate) in ethanol solution combined with a 1.0% zirconate coupler, produces a 
strong bond which does not decrease with thermocycling. 
7. Different surface preparations have been tested (grinding, etching, sandblasting) for 
improved retention. Some studies show that air-abrasion, in combination with 
cements including MOP-containing monomers, increase the mean shear bond strength 
(MSBS); this is seen to be durable over time.45•46 However, other tests have shown 
that surface pre-treatment with air-abrasion does not increase long-term bond 
strength.47 -50 
8. Tribochemical coating, which includes both sandblasting with aluminum oxide 
particles followed by silica impregnation of the zircoma surface, and by silane 
treatment. Some studies reported increased MSBS of resin cements to zircoma 
ceramic when using tribochemical coating and MDP monomer-containing cements; 
51
•
52 
another study shows a durable bond can be achieved with tribochemical coating 
plus an MDP/silane coupling agent.53 
9. Innovative surface preparation procedures to improve bonding include plasma 
spraying and porcelain pearls,54 heat-induced (650°C) 'selective infiltration 
etching' ,55 hot (100°C) acid etching,56 and CO2 laser treatment57. These procedures 
increase intergrain nanoporosities at the surface of the zirconia, creating spaces where 
the resinous material may flow in and interlock, developing stronger mechanical 
bonds. This process is also indicated by the increased cohesive failure in the adhesive 
resin upon breaking of the bond. 
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10. Different primers and self-etching adhesive agents have also been investigated in an 
. 1·f h . h 1 . b d h 58-60 attempt to s1mp 1 y t e process wit out osmg on strengt . 
11. Creation of grooves and cut-outs to increase surface area.61 
12. Angle of convergence of the preparation. Six degrees is the recommended angle for 
optimum bonding. 62 
13. Thickness of the film of the luting agent.22, 63 
Another factor affecting the retention values is the selection of the luting agent. Most 
ceramic restorations are adhesively luted, and a number of adhesive resin cements have been 
produced to meet this need. 64 Hydrofluoric acid etching and silane coupling agents are not 
capable of providing as strong or durable a bond to resin cement and Y-TZP as when used 
with conventional silica-based ceramics. 65 Hydrolytically stable bonds to Y-TZP ceramic 
have only been achieved after sandblasting the ceramic surface46 and using commercially 
available resin cement containing a phosphate monomer. 59' 66 However, only limited 
information regarding the detailed effects of phosphate acid monomers on the zirconia 
surface has been reported. 44 
Recently Bisco has introduced a new zirconia primer (Z-Prime ), which is claimed to 
improve the adhesive characteristics (abilities) of existing cements. 67'68 Z-Prime consists of 
active agents containing organophosphate and carboxylic acid monomers to obtain chemical 
bonds with the oxide groups in the zirconia surface, and also co-polymerize with the resin 
cement monomers. 69 This chemical bond should manifest itself in higher bond strengths than 
adhesive bonding, and should reveal increased degrees of cohesive versus adhesive failure. 
Additionally, a stated advantage of the Z-Prime compared to other zirconia primers is the 
absence of silane in its composition; silane is reportedly not stable when exposed to acidic 
phosphate monomers. 67'70'71 When new materials are introduced into the market, it is 
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important for in-vitro evaluations to be conducted before clinical investigations are carried 
out. It is possible that this new primer might provide a simple and effective means to improve 
the bond of resin cement to zirconia ceramic. 
Another factor which needs to be examined is the ability of tµe resin bond to maintain 
strength over time . A number of experiments have used thermocycling and water storage to 
simulate the oral environment , and there is some discussion in the literature as to what effect 
various aging protocols have on the strength of resin bonds.72 Wegner and Kem66 found that 
when using a resin composite (Panavia EX, Kuraray, Osaka Japan) which contained a 
phosphate monomer (10-methacryloyloxydecyl dihydrogenphosphate , MDP), a stable bond 
could be obtained to air-abraded zirconia even after 2 years of thermocycling; this confirms a 
similar study by D' Amario et al,73 as well as earlier research with MDP on acid-resistant 
glass-infiltrated alumina ceramic.74 Oyague75 found that MOP-containing resin cements such 
as Clearfil Esthetic Cement and RelyX Unicem maintained bond strength after 6 months of 
water storage. Wegner et al 76 found that thermocycling had a higher impact on the bond 
strength of resin cement to zirconia than did water storage. On the other hand, a study by 
Valandro 77 found that 150 or 300 days in 3 7°C distilled water had a statistically equivalent 
aging effect on the resin bond as did 12,000 thermocycles. 
Yoshida44 suggested that after 10,000 cycles a mixture of 2% MDP and 1% zirconate 
coupler provided no significant loss of bond strength, where MDP alone lost strength after 
thermocycling. It is thought that possibly the hydroxyl groups of the MDP primer form bonds 
with the hydroxyl groups in the metallic oxide film on the surface of the zirconia ceramic; 
these bonds alone are insufficient to retain strength after thermocycling. Lindgren et al 78 
found that metal primers combined with air abrasion gave better bonding results after 6,000 
thermocycles than ceramic primers with air abrasion did. Several studies55,79 also noted the 
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maintenance of bond strength by Panavia F, Panavia 21, and RelyX Unicem after artificial 
aging protocols. Kem and Wegner 64 report that after a 150 day storage time with 37,500 
cycles Panavia and Panavia EX gave the highest strength. 
The methacrylate terminal ends of the zircoma pnmer bonds chemically with the 
organophosphate monomers in the resin cements, and the primer's hydrophilic phosphate 
terminal end combines chemically with the oxidized surface of the zirconium dioxide, and 
may promote a chemical bond to the restoration. 80 This should be reflected in higher mean 
shear bond strengths after artificial aging protocols are carried out.81 It is thought that MDP 
creates a bond which resists hydrolysis and therefore holds bond values well during various 
artificial aging protocols.46 
Hydrolysis is the process where the resin cement has an affinity for water, attracts the 
hydrogen and begins to shorten the polymer chains, and weaken the mechanical properties of 
the resin composite cement. 82 Resin composite cements contain a polymerizable synthetic 
organic resin matrix, glass or ceramic filler particles (which provide mechanical stability and 
radiopacity) , polymerization initiators, colorants, and stabilizers. As the resin cement 
polymerizes , it contracts and creates "hoop stresses" ( circular arrangements of contractile 
forces) along the surfaces of the filler particles. Relaxation of these contractile forces, due to 
resin swelling and plasticization, might open avenues for water penetration. 83 
The water seems to infiltrate the resin in two ways: the first is unbound water which 
occupies any voids remaining from monomer conversion pre-vitrification , and the second is 
water which binds sequentially to hydrophilic groups within the resin matrix via hydrogen 
bonding. 102 The progressive infiltra6on of water may create further voids and cracks within 
the organic polymer network due to osmotic pressure affecting the carbon double bonds, as 
10 
well as hygroscopic ~elling , -and plasticization. 85 This process of crack propagation may 
also proceed along the filler-resin interface, as studies have found prolonged leaching of 
silicon and other ions from the glass filler particles contained within the resin composite. 84' 108 
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Objectives 
The purpose of this study was: 
1. To evaluate the effect of zirconia primers on the bond strength of resin cements to 
zirconia ceramics after 24 hours, long term water storage ( 5 .5 days) and 
thermocycling for 5,000 cycles. 
2. To evaluate different resin cements for differences in bond strengths to zircoma 
ceramics. 
3. To evaluate different zircoma ceramics for significant differences m bonding 
properties with primers, resin cements, and aging protocols. 
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Null Hypotheses 
1) There is no significant increase in mean shear bond strengths of resin cements associated 
with the use of either zirconia primer. 
2) There is no significant difference in bond strengths between the two tested primers. 
3) There is no significant difference in bond strength between the three resin cements. 
4) There is no significant difference in the mean shear bond strengths of resin cement to 
zirconia ceramic after the thermocycling, compared to the water storage. 
5) There is no significant difference between resin bond strengths with either type of 
zircoma. 
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Materials and Methods 
The materials included in this study are listed in Table 1, below: 
Material Code Major Composition Manufacturer 
Zirconium dioxide (ZrO2), Yttrium 
oxide (Y2O3 ), Hafnium oxide VITA, Bad Sackingen, In-Ceram YZ IC (HfO2), Aluminium oxide (Al2O3) Germany 
and Silicon dioxide (SiO2) 
Zirconia and Yttrium oxide, and 
Cercon CE Hafnium oxide; Aluminum oxide Dentsply, York, PA 
and Silicon dioxide 
Z-Prime ZP Biphenyl dimethacrylate (BPDM), Bisco, Schaumburg, IL Hydroxyethyl methacrylate, ethanol 
3-Methacryloxypropyl trimethoxy 
Clearfil Ceramic 
CCP silane, 10-methacryloyloxydecyl Kuraray, Japan 
Primer dihydrogen phosphate (MDP), 
ethanol 
No Primer NP 
Bisphenol A diglycidyl ether 
dimethacrylate (Bis-GMA), 
Duo-Link DL Triethyleneglycol dimethacrylate Bisco, Schaumburg, IL (TEGDMA), Urethane 
Dimethacrylate (UDMA), glass 
fillers 
Methacrylate monomers with 3M-ESPE, St. Paul, RelyX Unicem RXU phosphoric acid groups, Silanated MN fillers, Alkaline fillers 
UDMA and ethoxylated bisphenol A 
SmartCem2 SC2 dimethacrylate (EBP ADMA), Dentsply, Milford, DE phosphoric acid-modified monomer 
(PENTA), silicate glass 
Table 1. Materials used in this study. 
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One newly developed primer (Z-Prime, Bisco, Schaumburg, IL) and one commercially 
available primer (Clearfil Ceramic Primer, Kuraray, Japan) were tested (Figure 1) against no 
primer as a control. One dual-cured resin cement (Duo-Link, Bisco, Schaumburg, IL), and 
two self-adhesive dual-cured resin cements (RelyX Unicem Aplicap, 3M-ESPE, St. Paul, 
MN, and SmartCem2, Dentsply, Milford, DE) were evaluated (Figure 2). 
Figure 1. (A) Z-Prime zirconia primer, and (B) Clearfil Ceramic Primer. 
Figure 2. Three resin cements used in this study: (A) Duo-Link (dual-syringe), (B) RelyX 
Unicem Aplicap and (C) SmartCem2 (dual syringe) 
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Two zirconium oxide ceramics (In-Ceram YZ, VITA, Bad Sackingen, Germany) and 
Cercon (Dentsply, York, PA), were used in this study (Figure 3). 
VITA 
ln-Ceram 
VZ-20/1 
Figure 3. (A) In-Ceram YZ zirconia milling block (VITA) and (B) Cercon zirconia block 
(Dentsply). 
Methods 
One hundred thirty Y -TZP specimens measuring 12 x 12 x2 mm were sectioned from In-
Ceram YZ blocks using an Isomet 2000 Precision Saw machine (Buehler Ltd., Lake Bluff, 
IL) with a wheel blade of 0.5mm (Figure 4). Each cut was made with a load of 150 gr. and a 
speed of 1,000 rpm. During each cut water was used as the lubricant. 
Figure 4. Isomet saw diamond blade cutting the zirconia block 
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After the samples were sectioned, they were polished by hand on a 15 micron diamond disc 
(Buehler) at 100 rpm. All sectioned specimens were placed in a sintering bowl on zirconia 
beads to avoid deformation (Figure 5), and they were fully sintered in a Zyrcomat furnace 
(VITA) at 1530°C for 2 hours in an 8-hour cycle (Figure 6). After sintering, zirconia samples 
were ultrasonically cleaned in water, and were air-dried. 
Figure 5. (A) Zirconia specimens before firing and (B) after firing. 
Figure 6. VITA Zyrcomat furnace. 
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After qeing sintered, the zirconia samples were polished on a Buehler Ecomet 3 Polishing 
Machine with a 70 micron grid diamond disc at 100 rpm, and then finished with a 45 micron 
grid diamond disc at 100 rpm until the surfaces were consistent (Figure 7). Water served as a 
lubricant during polishing. The samples were then ultrasonically cleaned with 96% 
Isopropanol, and air dried before priming and bonding. 
Figure 7. Buehler Ecomet 3 polisher with zirconia sample and 70 micron diamond disc. 
The Z-Prime was applied in two coats prior to cement application to thirty zirconia 
specimens. The Clearfil Ceramic Primer was applied in one coat, and air-dried. Another 30 
zirconia specimens were not primed, to act as controls. A mechanical jig was used to ensure 
the uniformity of all the samples in the adhesion process. The specifications for each material 
were followed to dispense the material into the 2.37 mm insert of the plastic mold (Ultradent 
Jig; Ultradent Products, South Jordan, UT) with an endo-plastic tip, and a metal bar was 
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placed on the top of the resin cement (Figure 8). Excess resin cement was removed with 
micro brushes. 
Zirconia Tile Cylindrical metal base 
Plastic Insert Bonding Jig 
Figure 8. (A) Bonding jig with plastic insert over the zirconia tile, (B) Mixing tip dispensing 
the resin cement, and (C) Metal bar placed on the top of resin cement. 
Each metal bar was weighted to 90 grams, as seen in Figure 9, while the resin cement was 
left to self-cure. This is equivalent to 20 grams per square millimeter, as recommended in the 
literature. 86 
Weights 
Metal Bar 
Cylindrical 
Metal Base 
Figure 9. Ultradent jig with 90 grams of weight during cement setting. 
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All bonded specimens were allowed to set for 20 min, and then kept in water at room 
temperature for 24 hours. After removal from the water, specimens were allowed to air dry, 
and diameters of resin cement stubs were measured with a caliper to determine the surface 
area of the material undergoing the stress (Figure 10). 
Figure 10. Caliper measurement of diameter of bonded resin cement stub. 
The specimen was placed in the holding jig under the beam of the Instron machine , using a 
flat blade to detach the cement extending from the zirconia at 0.5mm/min (Figure 11). 
Beam of the 
Instron Machine 
Holding Jig 
Flat Blade 
Resin Cement 
Stub 
Zirconia Tile 
Figure 11. Shear testing jig holding the specimen during testing in the Instron machine. 
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In the artificial aging tests, 144 In-Ceram YZ and 144 Cercon specimens were sectioned 
from zirconia blocks on the Isomet 2000 saw, as described above. The Cercon samples 
measured 2 x 15 x 10 mm. The zirconia samples were dried for 1 hour before placing them in 
the oven to be sintered. The maximum sintering temperature for the In-Ceram YZ was 
1,530°C for 2 hours. The Cercon samples were sintered at 1,350°C according to the 
l 
manufacturer's schedule. After sintering, zirconia specimens were polished and bonded 
according to the same specifications listed in the 24-hour test. 
One hundred forty four specimens were thermocycled between water temperatures of 5°C 
and 50°C for 5,000 cycles, with a dwell time of 30 seconds at each temperature (Figure 12). 
Another 144 specimens were stored in water (Figure 13) for the equivalent amount of time 
(5.5 days). 
Figure 12. Thermocycling machine in operation. 
Figure 13. Water storage of zirconia/resin specimens. 
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Samples were taken out of thermocycling at 5,000 cycles and out of water storage at the 
equivalent time, and were air-dried and tested in the Instron Machine with a flat blade and a 
cross-head speed of 0.5mm/min. Tensile strength in MPa of the cement/zirconia bond was 
calculated by dividing the force at separation by the bonded surface area. Data were analyzed 
( 
using three-way ANOV A (PASW Statistics 18, SPSS/IBM), with regression analysis 
(Microsoft Excel with StatPro), and Tukey' s test (SAS Software) adjusting for multiple 
pairwise comparisons. P-values ofless than P = 0.05 were considered statistically significant 
for all test groups. 
Scanning electron micrographs were obtained of fractured samples using a Philips XL20 
Scanning Electron Microscope apparatus (Philips Electronics , Eindhoven, NJ) with 
accelerating voltage of l 5ke V. One randomly chosen sample per group was prepared for 
fracture analysis. The selected zirconia tile and resin stub were attached, with the broken 
surfaces facing upwards, to an aluminum plate (SPI supplies; West Chester, PA) with glue 
(Duco Cement, ITW Consumer, Riviera Beach, FL). The tile and stub sides were silver 
painted , allowed to dry, and then sputter coated with gold/palladium using a sputter coater 
(Hummer II Technics, Alexandria , VA). The sample surfaces were then examined for 
fracture patterns. 
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Results 
The means and standard deviations of shear bond strengths at 24 hours for resin cements to 
In-Ceram YZ ceramic ( are listed in Table 2. Statisticall y significant groups , adjusted for 
multiple comparisons (Tukey-Kramer) are presented in Table 3. 
In-Ceram YZ 
Primer Duo-Link Rely X Unicem SmartCem2 
No Primer (NP) 3.2 (0.65) 5.95 (0.92) ~.24 (0.90) 
Z-Primer (ZP) 11.44 (3.09) 7.31 (1.07) 8.30 (1 .53) 
Clearfil Ceramic Primer (CCP) 9.8 (2.11) 7.69 (1.91) 6.29 (0.74) 
Table 2. Mean shear bond strengths (SBS) at 24 hours , in MPa , and standard deviations 
(SD) of resin cements to In-Ceram YZ zirconia. 
DNP DZP DCCP RNP RZP RCCP SNP SZP SCCP 
DNP ---- s s s s s NS s s 
DZP ---- NS s s s s s s 
DCCP ---- s s NS s NS s 
RNP ---- NS NS NS s NS 
RZP ---- NS s NS NS 
RCCP ---- s NS NS 
SNP ---- s NS 
SZP ---- NS 
SCCP ----
Table 3. Least squares means for primer and cement effect at 24 hours , with adjustments for 
multiple comparisons (Tukey-Kramer). Significant differences in mean shear bond strengths 
between groups at P<0.05 are marked with "S". 
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Rank ordering among the significant groupings is shown in Table 4. Graphical representation 
of means and standard deviations of shear bond strengths for primer and cement 
combinations is shown (in Figure 14. 
Group MPa Si~ nificant Groupings 
DZP 11.44 A B 
DCCP 9.80 A B C D 
SZP 8.3 B C D E F 
RCCP 7.69 B C D E F G 
RZP 7.31 C D E F G 
SCCP 6.29 C D E F G H 
RNP 5.95 D E F G H 
SNP 4.34 F G H 
DNP 3.20 H 
Table 4. Comparisons among rank-ordered shear bond strengths , 24 hours (mean in MPa) 
using Tukey-Kramer test at P<0.05 significance. Combinations connected by the same letter 
are not significantly different. 
MPa 
16 
A 
14 
12 
, 10 
8 
6 
4 
2 
0 
Duo-Link 
B, C, D 
C, D 
RelyX Unicem SmartCem2 
■ No Primer 
■ Z-Prime 
■ Clearfil Ceramic Primer 
Figure 14. Mean SBS and SD ofresin cements to In-Ceram YZ zirconia at 24 hours with no 
primer , Z-Prime , and Clearfil Ceramic Primer. Columns with similar letters are not 
statistically significantly different at P<0.05. 
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Statistical analyses comparing the effects of various primers and cements , at 24 hours , 
based on least squar es means of the shear bond strengths , are shown in Tables 5 and 6. 
24HOURS MPa NP ZP CCP 
NP 4.93 ----- s s 
ZP 9.12 ----- NS 
CCP 7.93 -----
Table 5. Adjusted comparison of primer effects on bond strengths to In-Ceram YZ zirconia 
at 24 hours. 
Based on an adjusted multiple pairwise comparison of the mean shear bond strengths 
(MSBS) associated with the use of primers , it was found that at 24 hours Z-Prime and 
Clearfil Ceramic Primer were associated with a statistically higher MSBS than no primer , 
and Z-Prime was not statistically significantly different than Clearfil Ceramic Primer. 
24HOURS MPa DL RXU SC2 
DL 8.75 ----- s s 
RXU 6.96 ----- NS 
SC2 6.28 -----
Table 6. Adjusted comparison of cement effects on bond strengths to In-Ceram YZ zirconia 
at 24 hours. 
Statistical analysis of adjusted multiple pairwise comparisons of MSBS to In-Ceram YZ 
zirconia showed that at 24 hours Duo-Link was associated with statistically higher bond 
strengths than RelyX Unicem and SmartCem2. Bond strengths of RelyX Unicem and 
SmartCem2 were not significantly different. 
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Results of one-way A'NOVA at 24 hours showing effects of independent variables primer 
and cement are presented in Table 7, with regression coefficients shown in Table 8. 
Source Type III Sum of 
Squares df Mean Square F Sig. 
Model 873.776a 8 109.222 31.097 <.001 
Intercept 5626.344 1 5626.344 1601.921 <.001 
Primer 445.982 2 222.991 63.490 <.001 
Cement 62.396 2 31.198 8.883 <.001 
Error 424.982 121 3.512 
Corrected Total 1298.758 129 
a. R Squared= .673 (Adjusted R Squared= .651) 
Table 7. Tests of Between-Subjects Effects (Dependent Variable: SBS) of factors on the 
bond strength of resin cements to In-Ceram YZ zirconia at 24 hours. 
Regression coefficients 
Coefficient Std Err t-value p-value Lower limit Upper limit 
Constant 11.4424 0.3421 33.4431 <.001 10.7650 12.1198 
relyX -4.1309 0.5410 -7.6360 <.001 -5.2020 -3.0599 
smartcem2 -3.1459 0.6843 -4.5974 <.001 -4.5007 -1.7912 
ccp -1.6364 0.6843 -2.3914 0.018 -2.9911 -0.2817 
no pnmer -8.2388 0.6843 -12.0399 <.001 -9.5935 -6.8840 
Table 8. Regression coefficients showing relative effects on bond strengths to In-Ceram YZ 
zirconia in 24 hour shear bond test. Constant is Duo-Link with Z-Prime. 
One-way ANOVA showed choice of resin cement and primer to be significant factors, 
while regression analysis revealed that the greatest factor affecting the short-term bond 
strength to In-Ceram YZ zirconia was use of primer, followed by the choice of resin cement. 
26 
The mean SBS and SD of resin cements to In-Ceram YZ and Cercon zirconias after 5.5 
days water storage and thermocycling for 5,000 cycles are presented in Tables 9 and 10. 
Duo-Link RelyX Unicem SmartCem2 
Z-Prime Clearfil No Z-Prime Clearfil No Z-Prime Clearfil No Ceramic Primer Ceramic Primer Ceramic Primer Primer Primer Primer 
In- 12.69 9.09 2.81 6.35 8.97 5.17 6.18 5.78 3.64 Ceram (2.57) (2.16) (0.71) (0.91) (2.17) (1.38) (1.19) (1.42) (1.00) YZ 
Cercon 10.88 6.8 2.87 10.10 7.02 6.31 5.99 6.35 2.53 (2.45) (1.67) (0.67) (2.08) (0.65) (1.33) (1.04) (0.97) (0.51) 
Table 9. SBS (SD) ofresin cements to zirconias after 5.5 days of water storage. 
Duo-Link RelyX Unicem SmartCem2 
Z-Prime Clearfil No Z-Prime Clearfil No Z-Prime Clearfil No Ceramic Primer Ceramic Primer Ceramic Primer Primer Primer Primer 
In- 4.54 3.64 De- 3.45 3.88 3.12 0.93 0.29 De-
Ceram (2.40) (0.77) bonded (1.67) (1.28) (1.90) (0.28) (0.19) bonded 
YZ n=6 n=5 n=6 
Cercon 4.66 4.45 De- 3.61 5.32 2.85 0.99 1.48 De-(0.84) (0.67) bonded (0.92) (0.88) (0.87) (0.33) (0.55) bonded 
n=5 n=4 
Table 10. SBS (SD) ofresin cements to zirconias after thermocycling (5,000 cycles). 
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Statistically significant groups for 5.5 days, adjusted for multiple comparisons (Tukey-
Kramer) are presented in Table 11. 
DNPI DNPC DZPI DZPC DCCPI DCCPC RNPI RNPC RZPI 
DNPI ---- NS s s s s NS s s 
DNPC ---- s s s s NS s s 
DZPI ---- NS s s s s s 
DZPC ---- NS s s s s 
DCCPI ---- NS s s s 
DCCPC ---- NS NS NS 
RNPI ---- NS NS 
RNPC ---- NS 
RZPI ----
RZPC RCCPI RCCPC SNPI SNPC SZPI SZPC SCCPI SCCPC 
DNPI s s s NS NS s s s s 
DNPC s s s NS NS s s s s 
DZPI NS s s s s s s s s 
DZPC NS NS s s s s s s s 
DCCPI NS NS NS s s s s s s 
DCCPC s NS NS s s NS NS NS NS 
RNPI s s NS NS NS NS NS NS NS 
RNPC s NS NS NS s NS NS NS NS 
RZPI s NS NS NS s NS NS NS NS 
RZPC ---- NS s s s s s s s 
RCCPI ---- NS s s s s s NS 
RCCPC ---- s s NS NS NS NS 
SNPI ---- NS NS NS NS NS 
SNPC ---- s s s s 
SZPI ---- NS NS NS 
SZPC ---- NS NS 
SCCPI ---- NS 
SCCPC ----
D = Duo-Link ; R = RelyX Unicem ; S = SmartCem2 ; ZP = Z-Prime ; CCP = Clearfil Ceramic Primer ; NP= no primer ; I= In-Cerarn; 
C = Cercon. 
Table 11. Least squares ·means for primer and cement effect at 5.5 days, with adjustments for 
multiple comparisons (Tukey-Kramer). Significant differences in mean shear bond strengths 
between groups at P<0.05 are marked with "S". 
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Rank ordering among the significant groupings of mean shear bond strengths of resin 
cements to zirconias after 5.5 days water storage is shown in Table 12. 
Group MPa Si~ nificant Groupings 
DZPI 12.69 A B 
DZPC 10.88 A B C D 
RZPC 10.10 A B C D 
DCCPI 9.09 B C D E 
RCCPI 8.97 B C D E F 
RCCPC 7.02 C D E F G H 
DCCPC 6.80 C D E F G H 
RZPI 6.35 D E F G H 
SCCPC 6.35 D E F G H 
RNPC 6.31 D E F G H 
SZPI 6.18 E F G H 
SZPC 5.99 E F G H 
SCCPI 5.78 E F G H 
RNPI 5.17 E F G H 
SNPI 3.64 F G H 
DNPC 2.87 H 
DNPI 2.81 H 
SNPC 2.53 H 
Table 12. Comparisons among rank-ordered shear bond strengths, 5.5 days (mean in MPa) 
using Tukey-Kramer test at P<0.05 significance. Combinations connected by the same letter 
are not significantly different. 
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The mean SBS and SD of resin cements to different zirconia specimens and aged 5.5 days 
in water storage are represented graphically in Figures 15 and 16. 
MPa 
16 
14 
12 
10 
8 
6 
4 
2 
0 
Duo-Link 
■ No Primer 
■ Z-Prime 
RelyX Unicem SmartCem2 
Figure 15. Mean SBS of resin cements bonded to In-Ceram YZ stored in water for 5.5 days. 
Columns which have the same letter are not statistically significantly different at P<0.05. 
MPa 
16 
14 
12 
10 +---
8 
6 
4 
2 
0 
Duo-Link RelyX Unicem SmartCem2 
■No Primer 
■ Z-Prime 
■ Clearfil Ceramic Primer 
Figure 16. Mean SBS of resin cements bonded to Cercon and stored in water for 5.5 days. 
Columns which have the same letter are not statistically significantly different at P<0.05. 
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Statistical evaluation of different groups of cements, pnmers and zirconias after 5,000 
thermocycles, adjusted for multiple comparisons (Tukey-Kramer) are presented in Table 13. 
DZPI DZPC DCCPI DCCPC RNPI RNPC RZPI 
DZPI ---- NS NS NS NS NS NS 
DZPC ----- · NS NS NS NS NS 
DCCPI ----- NS NS NS NS 
DCCPC ----- NS NS NS 
RNPI ----- NS NS 
RNPC ----- NS 
RZPI -----
RZPC RCCPI RCCPC SZPI SZPC SCCPI SCCPC 
DZPI NS NS NS s s s s 
DZPC NS NS NS s s s s 
DCCPI NS NS NS s s s NS 
DCCPC NS NS NS s s s s 
RNPI NS NS NS NS NS s NS 
RNPC NS NS s NS NS s NS 
RZPI NS NS NS s s s NS 
RZPC ----- NS NS s s s NS 
RCCPI ----- NS s s s NS 
RCCPC ----- s s s s 
SZPI ----- NS NS NS 
SZPC ----- NS NS 
SCCPI ----- NS 
SCCPC -----
D = Duo-Link ; R = RelyX Unicem ; S = SmartCem2; ZP = Z-Pnme; CCP = Clearfil Ceramic Pnmer; NP= no pnmer ; I= In-Ceram; C = 
Cercon. 
Table 13. Least squares means for primer and cement effect after 5,000 thermocycles. 
Significant differences in mean shear bond strengths between groups at P<0.05 are marked 
with "S". 
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Rank ordering among the significant groupings of mean shear bond strengths of resin 
cements to zirconias after 5,000 thermocycles is shown in Table 14. 
Group MPa Sig. Groupings 
RCCPC 5.32 A B C D 
DZPC 4.66 A B C D E 
DZPI 4.54 A B C D E 
DCCPC 4.45 A B C D E 
RCCPI 3.88 A B C D E F 
DCCPI 3.64 A B C D E F 
RZPC 3.61 A B C D E F 
RZPI 3.45 A B C D E F 
RNPI 3.12 A B C D E F 
RNPC 2.85 B C D -E F 
SCCPC 1.48 C D E F 
SZPC 0.99 D E F 
SZPI 0.93 D E F 
SCCPI 0.29 F 
Table 14. Comparisons among rank-ordered shear bond strengths, 5,000 thermocycles (mean 
in MPa) using Tukey-Kramer test at P<0.05 significance. Combinations connected by the 
same letter are not significantly different. 
32 
The mean SBS and SD of resin cements bonded to different zirconia specimens and 
thermocycled 5,000 times are represented graphically in Figures 17 and 18. 
MPa 
8 ~----------------------
7 A 
6 ---- - ------------------
5 
4 
3 
2 
o ---
Duo-Link 
AB AB A,B 
RelyX Unicem SmartCem2 
■ No Primer 
■ Z-Prime 
■ Clearfil Ceramic Primer 
Figure 17. Mean SBS ofresin cements bonded to In-Ceram YZ and thermocycled for 5,000 
cycles. Columns which have the same letter are not statistically significantly different at 
P<0.05. 
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■ Clearfil Ceramic Primer 
Figure 18. Mean SBS of resin cements bonded to Cercon and thermocycled 5,000 cycles. 
Columns which have the same letter are not statistically significantly different at P<0.05. 
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Results of 3-way ANOVA showing effects of independent variables primer, zircoma, 
aging, and cement are presented in Table 15, with regression effects shown in Table 16. 
Tests of Between-Subjects Effects 
D d V . bl SBS epen ent ana e: 
Source Type ill Sum 
of Squares df Mean Square F Sig. 
Model 3297.452 8 40 82.436 32.576 <.001 
Intercept 7880.996 1 7880.996 3114.307 <.001 
Primer 743.241 2 371.621 146.852 <.001 
Zirconia .315 1 .315 .125 .724 
Aging 1231.795 2 615.898 243.382 <.001 
Cement 307.177 2 153.589 60.693 <.001 
Error 837.621 331 2.531 
Corrected Total 4135.074 371 
a. R Squared= .797 (Adjusted R Squared= .773) 
Table 15. Tests of Between-Subjects Effects (Dependent Variable: SBS) of factors on the 
bond strength of resin cements to zirconias. 
Analysis showed that selection of primer, aging, and cement all had significant effects, 
while zirconia was not a significant factor in bond strength. 
Re2ression coefficients 
Coefficient Std Err t-value p-value Lower limit Upper limit 
Constant 3.3402 0.4660 7.1681 <.0001 2.4219 4.2586 
ccp 5.5581 0.5904 9.4145 <.0001 4.3946 6.7216 
z-prime 8.3282 0.5901 14.1129 <.0001 7.1653 9.4912 
cercon -1.0005 0.5139 -1.9468 0.0528 -2.0132 0.0123 
relyX 2.2377 0.5997 3.7314 0.0002 1.0559 3.4195 
smartcem -0.1199 0.6072 -0.1975 0.8436 -1.3166 1.0767 
Thermocy -4.6431 0.8256 -5.6238 <.0001 -6.2702 -3.0161 
Table 16. Regression coefficients showing relative effects on MSBS of resin cements to 
zirconias. Constant is 5.5 days water-stored In-Ceram YZ zirconia with Duo-Link and no 
pnmer. 
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Regression analysis revealed that the greatest effect on MSBS was associated with the use 
of zirconia primers, followed by aging and cement (RelyX Unicem) selection. Zirconia 
selection and SmartCem2 were not associated with significant changes in MSBS. 
Adjusted multiple pairwise analyses of the bond strengths of water-stored specimens were 
performed, the summation of which is presented in Tables 17 and 18. 
ws MPa NP ZP CCP 
NP 3.89 --- s s 
ZP 8.70 --- s 
CCP 7.34 ---
Table 17. Adjusted comparison of primer effects on bond strengths to both zirconias after 5.5 
days water storage. 
Analysis revealed that after water storage for 5.5 days, Z-Prime and Clearfil Ceramic 
Primer were both associated with statistically stronger MSBS than with no primer, and Z-
Primer was also statistically stronger than Clearfil Ceramic Primer. 
ws MPa DL RXU SC2 
DL 7.53 --- NS s 
RXU 7.32 --- s 
SC2 5.08 ---
Table 18. Adjusted comparison of cement effects on bond strengths to both zirconias after 
5.5 days water storage. 
Analysis revealed that RelyX Unicem and Duo-Link were both associated with statistically 
stronger MSBS than SmartCem2. Duo-Link and RelyX Unicem did not have statistically 
significant differences in MSBS. 
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Multiple pairwise analyses of bond strengths of thermocycled specimens were performed, 
with the comparison of cement and primer effects shown in Tables 19 and 20. 
TC MPa NP ZP CCP 
NP 1.98 --- s s 
ZP 3.01 --- NS 
CCP 3.16 ---
Table 19. Adjusted comparison of primer effects on bond strengths to both zirconias after 
5,000 thermocycles. 
Analysis revealed that after 5,000 thermocycles , Z-Prime and Clearfil Ceramic Primer were 
both associated with statistically stronger MSBS than with no primer, and Z-Primer was not 
statistically significantly different than Clearfil Ceramic Primer. 
TC MPa DL RXU SC2 
DL 3.94 --- NS s 
RXU 3.70 --- s 
SC2 0.50 ---
Table 20. Adjusted pairwise comparison of cement effects on bond strengths to both 
zirconias after 5,000 thermocycles . 
Analysis revealed that Duo-Link and RelyX Unicem were associated with significantly 
stronger MSBS than was SmartCem2. Duo-Link and RelyX Unicem did not have 
statistically significant differences in MSBS. 
An independent t-test comparison made between zucomas revealed no statistically 
significant difference in MSBS of resin cements to In-Ceram YZ and Cercon in water storage 
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(P = 0.698). Additionally, a comparison of thermocycled zirconia specimens showed no 
significant difference in MSBS (P = 0.110). Therefore , the effect of zirconia selection on the 
bond strength of resin cement is inconclusive. 
Statistical evaluation of aging and primer effects on Duo-Link to In-Ceram YZ and Cercon 
zirconias, adjusted for multiple comparisons (Tukey-Kramer) is presented in Table 21. 
DL 24NP 24ZP 24CCP WSNP WSZP WSCCP TCZP TCCCP 
24NP --- s s NS s s NS NS 
24ZP --- NS s NS s s s 
24CCP --- s NS NS s s 
WSNP ---- s s NS NS 
WSZP ---- s s s 
WSCCP ---- s s 
TCZP ---- NS 
TCCCP ----
24 = 24 hours water storage; WS = 5.5 days water storage; TC= them1ocycling; NP= no primer; ZP = Z-Prime; CCP = Clearfil Ceramic 
Primer 
Table 21. Least squares means for aging and primer effect on the bond strength of Duo-Link 
to In-Ceram YZ and Cercon ceramics. Significant differences in mean shear bond strengths 
between groups at P<0.05 are marked with "S". 
Rank ordering among the statistically significant groupings of aging and primers on the 
mean shear bond strengths of Duo-Link to zirconias is shown in Table 22. 
DL Group MPa Sienificant Gron pines 
WSZP 11.79 A B 
24ZP 11.44 A B 
24CCP 9.81 A B C 
WSCCP 7.95 B C 
TCZP 4.60 D 
TCCCP 4.05 D 
24NP 3.20 D 
WSNP 2.84 D 
Table 22. Comparisons among rank-ordered shear bond strengths for Duo-Link cement 
(mean in MPa) using Tukey-Kramer test at P<0.05 significance. Combinations connected by 
the same letter are not significantly different. 
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Graphic representations of the effect of various aging protocols on MSBS of Duo-Link to 
both In-Ceram YZ and Cercon zirconias are shown in Figure 19. 
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Figure 19. Effects of aging on Duo-Link cement's MSBS to both zircoma ceramics. 
Significant groupings are indicated by similar letters. 
Statistical evaluation of aging and primer effects on RelyX Unicem to In-Ceram YZ and 
Cercon zirconias, adjusted for multiple comparisons (Tukey-Kramer) is presented in Table 
23. 
RXU 24NP 24ZP 24CCP WSNP WSZP WSCCP TCNP TCZP TCCCP 
24NP --- NS NS NS s s s s NS 
24ZP ---- NS NS NS NS s s s 
24CCP ---- NS NS NS s s s 
WSNP ---- s s s s NS 
WSZP ---- NS s s s 
WSCCP ---- s s s 
TCNP ---- NS NS 
TCZP ---- NS 
TCCCP ----
24 = 24 hours water storage ; WS = 5.5 days water storage ; TC= thermocycling ; NP= no primer ; ZP = Z-Prime ; CCP = Clearfil Ceramic 
Primer 
Table 23. Least squares means for aging and primer effect on the bond strength of RelyX 
Unicem to In-Ceram YZ and Cercon ceramics. Significant differences in mean shear bond 
strengths between groups at P<0.05 are marked with "S". 
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Rank ordering among the statistically significant groupings of aging and primers on the 
mean shear bond strengths of RelyX Unicem to zirconias is shown in Table 24. 
RXUGroup MPa Si2nificant Grou oin2s 
WSZP 8.23 A B 
WSCCP 7.99 A B 
24CCP 7.69 A B C 
24ZP 7.31 A B C 
24NP 5.95 B C D 
WSNP 5.74 B C D 
TCCCP 4.60 C D 
TCZP 3.53 D 
TCNP 2.97 D 
Table 24. Comparisons among rank-ordered shear bond strengths for RelyX Unicem cement 
(mean in MPa) using Tukey-Kramer test at P<0.05 significance . Combinations connected by 
the same letter are not significantly different. 
Graphic representations of the effect of various agmg protocols on MSBS of RelyX 
Unicem to both In-Ceram YZ and Cercon zirconias are shown in Figure 20. 
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Figure 20. Effects of aging on RelyX Unicem cement ' s MSBS to both zirconia ceramics. 
Significant groupings are indicated by similar letters . 
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Statistical evaluation of aging and primer effects on SmartCem2 to In-Ceram YZ and 
Cercon zirconias , adjusted for multiple comparisons (Tukey-Kramer) is presented in Table 
25. 
SC2 24NP 24ZP 24CCP WSNP WSZP WSCCP TCZP TCCCP 
24NP --- s s NS s s s s 
24ZP --- s s s s s s 
24CCP --- s NS NS s s 
WSNP ---- s s s s 
WSZP ---- NS s s 
WSCCP ---- s s 
TCZP ---- NS 
TCCCP ----
24 = 24 hours water storage ; WS = 5.5 days water storage ; TC= thermocycling ; NP= no primer ; ZP = Z-Prime ; CCP = Clearfil Ceramic 
Primer 
Table 25. Least squares means for aging and primer effect on the bond strength of 
SmartCem2 to In-Ceram YZ and Cercon ceramics. Significant differences in mean shear 
bond strengths between groups at P<0.05 are marked with "S". 
Rank ordering among the statistically significant groupings of aging and primers on the 
mean shear bond strengths of SmartCem2 to zirconias is shown in Table 26. 
SC2 Group MPa Significant Groupings 
24ZP 8.30 A 
24CCP 6.29 B 
WSZP 6.09 B 
WSCCP 6.06 B 
24NP 4.25 C 
WSNP 3.08 C 
TCZP 0.96 D 
TCCCP 0.77 D 
Table 26. Comparisons among rank-ordered shear bond strengths for SmartCem2 cement 
(mean in MPa) using Tukey-Kramer test at P<0.05 significance. Combinations connected by 
the same letter are not significantly different. 
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Graphic representations of the effect of various aging protocols on MSBS of SmartCem2 to 
both In-Ceram YZ and Cercon zirconias are shown in Figure 21. 
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Figure 21. Effects of aging on SmartCem2 cement's MSBS to both zirconia ceramics. 
Significant groupings are indicated by similar letters . 
A multiple pairwise analysis was performed on the effect of aging on resin cement bond 
strengths to In-Ceram YZ and Cercon zirconia specimens . The results are shown in Table 27. 
MPa 24Hr. ws TC 
24Hr. 7.29 --- s s 
ws 6.64 --- s 
TC 2.41 ---
Table 27. Results of pairwise comparison of aging effects on MSBS of resin cements to 
zirconia ceramics. Significant differences in mean shear bond strengths between groups at 
P<0.05 are marked with "S". 
Analysis revealed that water stored and thermocycled specimens had significantly lower 
MSBS than 24-hour stored specimens did. Additionally , thermocycling was associated with a 
significantly lower MSBS compared to that of water storage. 
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A multiple pairwise analysis was performed on the effect of primer on bond strengths to In-
Ceram YZ and Cercon zirconia specimens. The results are shown in Table 28. 
MPa NP ZP CCP 
NP 4.13 --- s s 
ZP 7.53 --- s 
CCP 6.13 ---
Table 28. Adjusted comparison of primer effects on bond strengths to both zirconias. 
Significant differences in mean shear bond strengths between groups at P<0.05 are marked 
with "S". 
Adjusted pairwise analysis of the effect of zirconia primers were compared across all 
ceramics and resin cements and aging protocols tested, and ZP was found to have 
significantly higher MSBS than CCP, which was found to have a significantly higher MSBS 
than NP. 
A multiple pairwise analysis was performed on the effect of cement selection on bond 
strengths to In-Ceram YZ and Cercon zirconia specimens. The results are shown in Table 29. 
MPa DL RXU SC2 
DL 7.48 --- s s 
RXU 6.01 --- s 
SC2 4.59 ---
Table 29. Adjusted comparison of cement effects on bond strengths to both zirconias. 
Significant differences in mean shear bond strengths between groups at P<0.05 are marked 
with "S". 
Pairwise analysis of the effect of cements were compared across all ceramics and primers 
and aging protocols tested, and Duo-Link was found to have significantly higher MSBS than 
RelyX Unicem, which was found to have a significantly higher MSBS than SmartCem2. 
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SEM micrographs of de-bonded zirconia specimens 
After the shear bond tests , scanning electron microscopy was performed on representative 
specimens from each group , and images are presented in Figures 22 through 27. 
cc V Spot Maqn n.,, WD I xp 1 mm 
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Figure 22. SEM micrographs at 33x and 35x of unprimed zirconia specimens stored 5.5 days 
after shear testing. (A) IC/DL; (B) CE/DL; (C) IC/RXU; (D) CE/RXU; (E) IC/SC2 at 35x; 
(F) CE/SC2. Both (C) and (D) had large areas of mixed failure mode (cohesive/adhesive) , 
and (F) had cohesive failure at the edge. Black arrows show areas of cohesive failure. 
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Figure 23. SEM micrographs of zirconia specimens primed with Z-Prime, stored 5.5 days 
after shear testing. (A) IC/DL at 35x; (B) CE/DL at 3 lx; (C) IC/RXU at 30x; (D) CE/RXU at 
33x; (E) IC/SC2 at 35x; and (F) CE/SC2 at 33x. Cohesive failure for all 3 cements was noted 
(black arrows). Also note the "ring" of clear demarcation (white arrows) between cohesive 
and adhesive failure in (C); compare to the cohesive failure at the edge of (B) and (E). 
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Figure 24. SEM micrographs of zirconia specimens primed with Clearfil Ceramic_ Primer, 
stored 5.5 days after shear testing. (A) IC/DL at 3 lx; (B) CE/DL at 33x; (C) IC/RXU at 33x; 
(D) CE/RXU at 33x; (E) IC/SC2 at 33x; and (F) CE/SC2 at 34x. Mixed adhesive/cohesive 
failure is indicated with black arrows in (D) and (F), while areas of cohesive failure are 
indicated similarly in (B) and (E). White arrows in (C) indicate "ring" demarcating cohesive 
vs. adhesive failure. 
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Figure 25. SEM micrographs of unprimed zirconia specimens thermocycled (5,000 cycles) 
after shear testing. (A) IC/DL at 35x; (B) CE/DL at 33x; (C) IC/RXU at 35x; (D) CE/RXU at 
33x; (E) IC/SC2 at 35x; and (F) CE/SC2 at 3 lx. Tile (C) showed a large area of cohesive 
failure at the center, while (D) and (F) showed large areas of mixed ( cohesive and adhesive) 
failure, and (A) showed small areas of cohesive failure (see black arrows). 
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Figure 26. SEM micrographs of zirconia specimens primed with Z-Prime, thermocycled 
5,000 cycles after shear testing. (A) IC/DL at 35x; (B) CE/DL at 33x; (C) IC/RXU at 35x; 
(D) CE/RXU at 33x; (E) IC/SC2 at 34x; and (F) CE/SC2 at 33x. (C) and (D) showed mixed 
failure mode in the interior (see white arrows). Black arrows in (A), (D), (E), and (F) show 
cohesive failure at edges. 
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Figure 27. SEM micrographs (magnification at 33x) of zirconia specimens primed with 
Clearfil Ceramic primer, thermocycled 5,000 cycles after shear testing. (A) IC/DL; (B) 
CE/DL; (C) IC/RXU; (D) CE/RXU; (E) IC/SC2; and (F) CE/SC2. Tiles (A) and (B) had 
small areas of cohesive failure. Tile (C) showed mixed failure mode and (D) had a large area 
of cohesive failure (The clearly demarcated ring between cohesive and adhesive failure in 
(D) may indicate linear shrinkage of the polymerized resin cement). (E) and (F) showed 
adhesive failure. 
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Discussion 
The mean shear bond strengths of the resm cements to the z1rcoma samples in this 
experiment are less than is commonly found in the literature. Most studies using primed 
zirconia specimens recorded mean shear bond strengths at above 20 MP a. For example, 
Kitayama et al79 tested 6 different primer/resin combinations on zirconia and reported mean 
shear bond strengths (SBS) of 9.1, 13.7, 19.5, 19.5, 21.1, and 23.2 MPa. Lehman and Kem87 
reported means of 38.7, 49.4, and 53.0 MPa; even their unprimed control achieved a mean 
SBS of 12.6, which is greater than the primed resin cements achieved in this experiment. In 
another example, Magne et al88 achieved mean shear bond strength of 26.8 MPa using Z-
Prime and Duo-Link on LAVA (3M-ESPE) zirconia. Suh et al67 likewise reported a mean 
SBS of 23.0 with Z-Prime and Duo-Link. In contrast, the present experiment received a mean 
SBS of 11.4 MPa at 24 hours using Z-Prime and Duo-Link on In-Ceram YZ. 
One possible reason for this obvious disparity in results is that in all the above cases the 
zirconia was sandblasted with aluminum oxide prior to cementation. Sandblasting (air 
abrasion) roughens the Y-TZP surface which, when bonded, creates micromechanical 
. 1 k. fi ld . h. h . d 1 . · · .c 64 66 76 B mter oc mg ie s wit m t e pnmer an great y mcreases its retentive 1orce. ' ' ut 
sandblasting adds unwanted complexity to the process and also has been implicated in 
tetragonal to monoclinic transformation in the ceramic surface, which might induce 
microcracking and eventual failure _ over time. 89-91 In spite of this, some zirconia 
manufacturers such as VITA recommend sandblasting the intaglio surfaces before bonding. 
And it is worth considering that recent research has suggested that mechanical modification 
of the Y-TZP surface may actually cause an increase in short-term flexural strength of this 
material. 52,92,93 Also worth consideration is that the experiments in the literature used air 
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abrasion on flat Y-TZP specimens, perpendicular to the surfaces and at carefully controlled 
heights, all of which might be difficult to reproduce on concave intaglio surfaces in clinical 
settings. Therefore, the results of this experiment were not affected by introducing methods 
which cannot be easily transferred to chairside experiences. 
Another probable cause of lower bond strength in this experiment compared to the 
literature was from the polishing of the Y-TZP tiles after cutting. These zirconia surfaces 
needed to be polished smooth before bonding, in order to create uniform surface topography. 
While surface polishing decreased variability in bond strengths, it was also associated with 
lower mean SBS. Increased roughness increases surface wettability, which promotes 
cohesive interlocking between the bonding agent and the ceramic substrate. 70 This study 
generated mean shear bond strengths of under 13 MP a, which is less than the minimum level 
for clinical applicability in the literature.94 Therefore, further studies are needed in which Y-
TZP bonding surfaces achieve equivalent surface roughness of CAD/CAM milled zirconia, 
to simulate clinical conditions more closely. 
Another difference between this experiment and previous in-vitro studies is that most of the 
other studies used light-curing of the resin cement after application, and our study did not. 
There is a lower degree of conversion and subsequently lower bond strength when light 
curing is foregone,34-37 but the clinical relevance overrides the difference in bond strength. 
This is because zirconia ceramic is a fairly opaque substance and studies suggest that it 
blocks the light-activated polymerization of the dual-cured resin cements from between 2 
mm and 3 mm in depth.35•95 Therefore, it might be difficult to transfer any increased in-vitro 
bond strengths from light curing into a clinical setting with zirconia restorations. 
so 
The bond of resin cements to Y-TZP must be durable: it must endure over time. One of the 
ways of simulating the oral environment over time is to place the tested material in an 
aqueous solution, such as water, which forms the bulk of human saliva. Exposure to an 
aqueous environment, over time, can create hydrolytic degradation of the resin cement and 
adversely affect the bond strength to zirconia ceramic.64• 76• 96• 97 In vivo evaluations of 
microleakage have suggested that in vitro aging tests might adequately simulate actual 
clinical exposure. 109 
Duo-Link is a dual-cured composite resin luting cement which is composed of Bisphenol A 
diglycidyl ether dimethacrylate (Bis-GMA), Triethyleneglycol dimethacrylate (TEGDMA), 
Urethane Dimethacrylate (UDMA), and glass fillers. Duo-Link received a greater effect from 
primer application than did both RelyX Unicem and SmartCem2 after 24 hours water 
storage. 
However, after 5,000 thermocycles the MSBS of Duo-Link with primer was not significantly 
different than RelyX Unicem with primer (both were significantly higher than SmartCem2 
with primer). It may be that the primer effect on Duo-Link is short-lived and over time 
diminishes to that comparable to weaker self-etch resin cements; further study is needed in 
this area. 
The self-etch resm cements, such as RelyX Unicem, contain hydrophilic acid resin 
components which create unprimed bonds higher than those found with conventional resin 
cements such as Duo-Link. RelyX Unicem comes in dual-paste or powder/liquid 
formulations and contains methacrylate monomers with phosphoric acid groups, silanated 
fillers, stabilizers, initiators, and alkaline fillers. When the acid and base groups mix, it 
initiates a polymerization reaction, forming highly reactive double bonds; these double bonds 
in turn bond to both the inorganic ceramic and the organic substrates.98 RelyX Unicem was 
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introduced in 2002 to relieve clinicians of technique-sensitive adhesion practices such as 
rubber dams , etching , rinsing , and priming. 
SmartCem2 contains urethane dimethacrylate , di- and tri-methacrylate resins , phosphoric 
acid modified acrylate resin , silicate glass , initiator , and stabilizers. With no primer , it was 
not significantly different in strength from Duo-Link at 24 hours; however, after the 
application of ceramic primers , it was significantly weaker than Duo-Link. This trend 
continued through 5.5 days of water storage , and also with 5,000 thermocycles. These self-
adhesive cements are thought to have lower physical and mechanical strengths than 
conventional resin cements. 67,72 
The significantly lower MSBS of unprimed SmartCem2 as compared to RelyX Unicem 
(3.08 MPa vs. 5.74 MPa, p < 0.001) after 5.5 days in water storage may be a reflection of its 
higher acidity; Hecht et al88 found SmartCem2 to have raised merely 0.5 pH after 24 hours , 
while RelyX Unicem had a pH increase of 3.0. Another study found RelyX Unicem to 
increase from an initial pH of 2.0 to a pH of 7.7 within 30 minutes of mixing. 99 Such a pH 
profile is well suited to self-etch through the smear layer and create a strong hybrid layer on 
· dentin surfaces , as ·RelyX was designed to do. This hydrophilic/hydrophobic reversal creates 
a strong and durable bond to dentin; Piwowarczyk et al100 found an increase in bond strength 
of RelyX Unicem to dentin from an initial 3.3 MPa to 6.2 MPa after 150 days and 37,500 
thermal cycles. However, this pH profile is perhaps not as effective at creating lasting bonds 
to the dense and chemically impervious zirconia ceramic. 
The resin cement -s contain a number of hydrogen polarity sites which create attraction 
between the polymer and the water molecules , and the ensuing water sorption causes a 
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plasticizing effect of the resin polymer which may damage and weaken the material by the 
formation of microcracks. 101 
The self-etch, self-adhesive resm cement RelyX Unicem also was distinguished by 
markedly larger areas of cohesive failure than were Duo-Link and SmartCem2 (See e.g. Figs. 
24[C], 25[C], and 27[D]). Research shows increased cohesive versus adhesive failure mode 
being associated with a significant increase in mean bond strength. 107 But the application of 
primer, though it increased the amount of cohesive failure, did not uniformly increase bond 
strength of RelyX Unicem compared to Duo-Link, which again is consistent with the 
findings of weaker mechanical properties. 
Another interesting trend which occurs upon examining SEM images is the circular "ring" 
of clear demarcation between cohesive and adhesive failure around the edge of the RelyX 
Unicem bonds to the zirconia tiles (see e.g. Figs. 23 and 27). Polymerizing resin cements 
have shrinkage coefficients of up to 5%; this contractile force may be transferred in abraded 
zirconia surfaces to micromechanical interlocking forces; in smooth surfaces it may cause 
the resin composite to withdraw from the bonding surface, with a commensurate loss of shear 
bond strength. 102, 103 The phenomenon of roughened ceramic surfaces being associated with 
higher resin bonding has been known since Buonocore in 1955. This phenomenon is perhaps 
more notable in the self-adhesive RelyX Unicem versus the self-adhesive SmartCem2, for 
example, because of the offsetting hygroscopic expansion in the latter case by the more 
hydrophilic cement which offsets shrinkage to some degree. This may be why unprimed resin 
cements do not achieve strong or durable bonds to smooth surfaces with low surface 
energy.104 And it also might explain why RelyX Unicem had significantly stronger initial 
bond values than SmartCem2: RelyX Unicem's pH is initially very low (1.0) so it etches the 
zirconia surface around the edges of the crystals. SmartCem2' s initial pH is 3 .0.105 Another 
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clinical consideration of lateral shrinkage is that a separation might occur at the edges of the 
restoration interface, leading to water and bacteria incursions. 106 
The predominance of cohesive failure at the edges of SmartCem2 and Duo-Link resin 
cement samples (see black arrows in Fig. 26) may be as a result of unequal distribution of 
stress do to the shear bond test mode.81 But the shear bond test remains one of the most 
utilized methods of determining relative bonding forces because of its ease of use and high 
reproducibility. 107 
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Conclusions 
Within the limitations presented by this study, the following conclusions could be made: 
1. Significant increases in bond strength of resin cement to zirconia ceramics were 
observed with the use of both Z-Prime (ZP) and Clearfil Ceramic Primer (CCP). 
2. ZP was not associated with significantly different MSBS than CCP in the 24 hour and 
thermocycling bond strength tests, but after 5.5 days water storage, ZP had 
significantly higher MSBS than CCP. Overall, ZP was significantly stronger than 
CCP. 
3. In the 24 hour test, unprimed RelyX Unicem (RXU) was significantly stronger than 
unprimed Duo-Link (DL ), but unprimed SmartCem2 (SC2) was not significantly 
different than DL or RXU. DL with ZP was significantly stronger than RXU and 
SC2. RXU and SC2 with ZP were not significantly different. RXU with CCP was not 
significantly different from DL or SC2. DL with CCP was stronger than SC2. 
4. Aft~r 5.5 days water storage, DL and RXU were both significantly stronger than SC2. 
DL and RXU were not significantly different. In the thermocycling (5,000 cycles) 
test, unprimed DL and SC2 spontaneously debonded. For primed specimens, DL and 
RXU were significantly stronger than SC2. DL and RXU were not significantly 
different. 
5. In the aging protocols, water storage (5.5 days) gave significantly weaker MSBS of 
resin cements to zirconia than at 24 hours. Thermocycling (5,000 cycles) was 
associated with significantly weaker MSBS than water storage. 
6. There was no significant difference in MSBS associated with the use of either In-
Ceram YZ or Cercon zirconia ceramic (P = 0.771). 
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